Protein biomarker candidates from discovery proteomics must be quantitatively verified in patient samples before they can progress to clinical validation. Here we demonstrate that peptide immunoaffinity enrichment coupled with stable isotope dilution mass spectrometry (SISCAPA-MRM) can be used to configure assays with performance suitable for candidate biomarker verification. As proof of principle, we configured SISCAPA assays for troponin I (cTnI), an established biomarker of cardiac injury, and interleukin 33 (IL-33), an emerging immunological and cardiovascular marker for which robust immunoassays are currently not available.
The critical gap in biomarker discovery and development is the ability to evaluate lengthy lists of candidate biomarker proteins in a statistically relevant number of patient samples with sufficient sensitivity and specificity toward the targeted disease. Currently, clinical validation of biomarkers relies primarily on immunoassays because of their specificity for the target analyte, sensitivity, and high throughput. However, antibody reagents for a clinical-grade immunoassay only exist for few, if any, candidates suggested by discovery experiments. Developing reliable immunoassays for each candidate biomarker is not practical owing to the high cost and long development time for useful ELISAs. Alternative methods are clearly needed to verify candidate protein biomarkers and triage the long lists of potential biomarkers (1, 2 ) .
Multiple reaction monitoring (MRM) 4 coupled with stable isotope dilution mass spectrometry (SID-MS) has recently been shown to be well suited for direct quantification of proteins in plasma owing to the high specificity, sensitivity, and precision of the quantitative measurements (3) (4) (5) (6) . In addition, MRM assays can be highly multiplexed such that many candidate proteins can be simultaneously targeted and measured in the large numbers of patient samples required for verification (7 ) . Currently, up to 50 proteins can be routinely monitored, but higher numbers are possible by target-ing known peptide retention times using Scheduled MRM™ (AB Sciex). Sensitivity for unambiguous detection and quantification of proteins by MS-based assays, however, is often constrained by sample complexity, especially in plasma (8, 9 ) . Plasma can be made significantly less complex by depleting abundant proteins and then fractionating the peptides produced by enzymatic digestion of the plasma before SID-MRM-MS. Using this approach, we have demonstrated limits of quantification (LOQ) in the range of 1-20 g/L with CVs of 10%-20% for a range of proteins in plasma (4 ) . Upfront sample processing substantially restricts sample analysis throughput compared to immunoassays, however, and accurate quantification of proteins in the medium to low ng/L range has been inaccessible to date by this approach.
Here we couple the advantages of immunoaffinity enrichment of target peptides with the sensitivity and quantitative capabilities of SID-MRM-MS. The method, first described by Anderson et al. (10 ) and termed SISCAPA (stable isotope standards capture with antipeptide antibodies), has been shown to achieve more than a thousandfold enrichment for target peptides in a plasma digest and to be useful for quantifying proteins in the g/L range in plasma with CV Ͻ20% (10, 11 ) . In the present study, we successfully configured SISCAPA-MRM assays for 2 clinically relevant protein biomarkers of cardiovascular disease, cardiac troponin I (cTnI) (12, 13 ) and interleukin-33 (IL-33) (14 ), the latter currently lacking a wellvalidated immunoassay. This proof-of-principle study demonstrates, for the first time, that SISCAPA assays can be multiplexed to measure clinically relevant proteins. We applied our SISCAPA-MRM assay to quantify cTnI in plasma of patients who underwent planned myocardial infarction (PMI), a therapeutic intervention for patients with hypertrophic obstructive cardiomyopathy (HOCM). This work further demonstrates the enormous potential of SISCAPA-MRM assays in verification studies to quantify proteins for which immunoassays do not exist.
Materials and Methods

PREPARATION OF STANDARDS AND LC-MRM-MS METHOD
We selected peptides from in vitro digestion of protein standards analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on a LTQ linear ion trap mass spectrometer (Thermo Fisher). Peptide standards were chosen for synthesis and antipeptide antibody development following the guidelines of Keshishian et al. (4 ) and further selected in silico as described in Supplemental Methods, which accompanies the online version of this article at www.clinchem.org/content/ vol55/issue6. The peptides identified by MS/MS that were both high responding in electrospray LC-MS/MS and sequence unique within the human genome are referred to as "signature peptides" (underlined peptides in online Supplemental Fig. 1 ). We selected a subset of these peptides for antibody development (blue underlines in online Supplemental Fig. 1 ). The synthesis of stable isotope peptides, optimization of the triplequadrupole mass spectrometer (TQ-MS), and a description of the LC-MRM-MS methods are in the online Supplemental Methods. Optimized MRMmethod transition ion masses and voltages are listed in online Supplemental Table 1 .
POLYCLONAL ANTIBODY PRODUCTION AND MAGNETIC BEAD
PREPARATION
Antibodies were produced and linked to magnetic beads as described in online Supplemental Methods.
PEPTIDE STANDARD CURVE PREPARATION
Corresponding [
12 C] forms of the heavy peptide internal standards were added to digested plasma from a healthy female donor and diluted to generate a 7-point response curve with concentrations equivalent to those described in the protein standard curve (see online Supplemental Table 2 ). Samples were stored at Ϫ80°C until assayed.
PROTEIN STANDARD CURVE PREPARATION
cTnI and IL-33 standard proteins were added to nondigested plasma from a healthy female donor and diluted to generate a 7-point response curve with final concentrations of 0, 0.1, 0.5, 2, 20, 200, and 5000 g/L. Samples were stored at Ϫ80°C until aliquots of 50 L were reduced, alkylated, and digested with porcine trypsin (Promega) as described in online Supplemental Methods. Digested samples were stored dry at Ϫ80°C until assayed.
PATIENT SAMPLE COLLECTION PROTOCOL
In this study, we included 5 patients undergoing PMI using alcohol septal ablation for the treatment of symptomatic HOCM, inclusion criteria to receive alcohol ablation treatment as described (15, 16 ) . The protocol for drawing blood and preparing plasma is described in online Supplemental Methods. The protocol for obtaining blood from patients was approved by the Massachusetts General Hospital institutional review board, and all subjects gave written informed consent.
PEPTIDE IMMUNOAFFINITY ENRICHMENT AND SID-MRM
QUANTIFICATION
We reconstituted digested plasma samples in 50 L of 1ϫ PBS. Two microliters of magnetic beads bound with 2 g polyclonal antibody and 50 fmol [ point, diluted 1:5 with PBS, and rotary mixed at 4°C. After overnight incubation, we isolated the magnetic beads using a magnet and removed the unbound material. The beads were washed twice with 200 L PBS and once with 200 L 50 mM ammonium bicarbonate, pH 7.8. Peptides were eluted with 2 volumes of 30 L 5% acetic acid. The recovered fractions were pooled and desalted using a pipette tip packed with C18 Empore material (3M) (17 ) . The purified mixture of enriched peptides was collected with 40 L 90% acetonitrile:0.1% formic acid and vacuum-centrifuged to dryness. Enriched samples were stored dry at Ϫ80°C until analyzed by LC-MRM-MS as described in online Supplemental Methods.
DATA ANALYSIS AND PROTEIN QUANTIFICATION
We integrated extracted ion chromatograms (XICs) of all transition ions and calculated peak area ratios (PARs) using MultiQuant™ (AB Sciex) version 1.1.0.2. Analyte:internal standard PAR for the most intense transition ion was entered into the equation (PAR)(5 nmol/L)(protein molecular weight)(analysis volume)/ process volume/1000 to calculate the concentration of protein in the original sample, reported in g/L. We plotted observed concentration against the theoretical concentration for each curve and average protein concentration against time for the PMI patient time course. We calculated the SD of peptide curves, uniplex protein curves, and PMI patient samples from 3 injections of 1 processed sample and the SD of the multiplex protein curves using 3 injections of 3 processed samples. No outlier values were excluded for the analyses. We calculated imprecision (CV) and percent recovery at a concentration within the linear range of each curve and the limit of detection (LOD) and LOQ according to the method described by Currie (18 ) .
MEASUREMENT OF cTnI BY IMMUNOASSAY
We measured the concentration of cTnI in PMI patients using the antibody plate and protein standards supplied with immunoassay kit (Alpco Diagnostics) according to the manufacturer's instructions and calibrated using Liquichek™ Cardiac Markers Control (Bio-Rad). This in vitro diagnostic (IVD) EIA kit specifies a functional sensitivity of 0.75 g/L with interassay CV Ͻ10%, a correlation coefficient of 0.86, and a slope of 1.04 compared to the Abbott MEIA for cTnI. The functional sensitivity of the kit in our hands was 1 g/L when the cTnI protein response curve samples were assayed. The straight line summarizing the relation between immunoassay and SISCAPA concentrations was derived using Deming linear regression (19 ) .
Results
SISCAPA ASSAY DEVELOPMENT AND CHARACTERIZATION
We prepared peptide and protein response curves for cTnI and IL-33 in healthy female plasma to evaluate the performance of the SISCAPA assay (online Supplemental Table 2 ). Analyte peptide standards spiked directly (Fig. 1A) or peptides derived from the spiked proteins (Fig. 1B) were subsequently captured using bead-bound polyclonal antibodies raised against the signature peptide. After enrichment, we analyzed antibody bead eluates using SID-LC-MRM-MS on the TQ-MS. We calculated protein concentrations from the analyte to internal standard PAR as described in Materials and Methods.
SELECTION OF PEPTIDES FOR SISCAPA ASSAY DEVELOPMENT
We selected high-responding peptides for cTnI and IL-33 based on detectability and response in LC-MS/MS analyses of tryptic digests of isolated and purified or recombinant versions of the target proteins (online Supplemental Fig. 1 ). The selected signature peptides were synthesized with an N-terminal cysteine, conjugated to keyhole limpet hemocyanin (KLH) for immunization, spotted onto microtiter plates for ELISA, and conjugated to affinity media to purify the reactive antisera. For cTnI, we raised an antibody against the signature peptide NITEIADLTQK, and we purified rabbit antisera against 2 of the IL-33 signature peptides, TDPGVFIGVK (Pep-1) and VLLSYYESQHPSNESGDGVDGK (Pep-2).
EVALUATION OF SISCAPA ASSAY PERFORMANCE USING SYNTHETIC PEPTIDES
Although quantification of proteins in plasma is the primary objective, peptide response curves are useful to define the maximum assay performance possible. Many potential sources of sample loss and interference resulting from reduction, alkylation, and tryptic digestion of the protein in plasma are not factors when response curves are generated using peptides. Therefore the assay accuracy, CV, LOD, LOQ and overall peptide recoveries measured under these conditions provide a useful estimate of the maximum that can be achieved. We generated response curves for peptides derived from cTnI and IL-33 by adding 0.16 -210 pmol [ 12 C] analyte peptides together (online Supplemental Table  2 ) with a fixed amount of internal standard peptide into 50 L reduced, alkylated, and trypsin-digested plasma. As summarized in Table 1 under the Peptide column, the response for cTnI protein (as defined by the peptide response) was linear from 0.6 to 5000 g/L, with a recovery of 94.4% and intraassay imprecision of 3.2% at 200 g/L. The response for IL-33 protein (based on Pep-1) was linear from 2.5 to 5000 g/L, Intensity (cps) 20.22 ----------internal standard At concentrations Ͻ1 g/L, the response for all 3 peptides became nonlinear owing to background ion current in the product-ion channels monitored (Fig.  2) . The origin of this background signal has not been identified, but presumably arises from peptide or other small molecules associated with the antibody and/or tosyl activated magnetic beads. Investigations are underway to see how the antibody preparation, magnetic beads, peptide standards, or input plasma contribute a background signal at lower concentrations. These background signals account for the higher-thantheoretical concentration values observed in the cTnI and IL-33 Pep-1 curves. The higher-than-theoretical values obtained for IL-33 Pep-2 persisted even after accounting for this background signal, suggesting overaddition of this peptide based on original volumes or concentration of the peptide standards. Because it is unlikely that these background signals reflect the presence of true endogenous levels of analyte, it is necessary to include them into the calculation of LOD and LOQ. The LOD and LOQ for cTnI, when measured in undiluted plasma, were 0.6 g/L (25 pmol/L) and 0.9 g/L (38 pmol/L), respectively. The LOD was 2. data, IL-33 Pep-1 is the preferred antibody for measuring this target protein in plasma by SISCAPA. These results can be used to calculate an enrichment factor for SISCAPA of these target peptides in plasma. We determined the enrichment factor by comparing the LOD to a separate aliquot analyzed by SID-MRM-MS before SISCAPA (Fig. 2) . The ratio of the LOD before and after antibody enrichment was 8333:1 (cTnI), 2000:1 (IL-33 Pep-1), and 5000:1 (IL-33 Pep-2).
EVALUATION OF SISCAPA ASSAY PERFORMANCE USING
PROTEINS
To establish the ability of these antibodies to measure protein directly in plasma, we prepared protein response curves by adding protein into plasma before reduction, alkylation, and trypsin digestion to final concentrations of 0, 0.1, 0.5, 2, 20, 200, and 5000 g/L. These amounts were equivalent to the molar amounts of peptide added at each level ( Fig. 1 and online Supplemental Table 2 ). As shown in Table 1 in the Protein column, the linear range between the peptide assay and the protein assay was similar, differing only in the lower range owing to a slight increase in the LOD of the protein curve (cTnI 1.2-5000 g/L, IL-33 Pep-1 3.4 -16 000 g/L, and IL-33 Pep-2 2.6 -600 g/L). The LOQs observed for these 3 peptides were 2.8 g/L (cTnI), 5.2 g/L (IL-33 Pep-1), and 4.7 g/L (IL-33 Pep-2).
Peptide recovery from the protein digests was near theoretical for IL-33 but lower than theoretical for cTnI ( Table 1 ). The lower than 100% recovery for the cTnI peptide is most likely caused by incomplete trypsin digestion and/or less-than-quantitative recovery of this peptide from the C18 cartridge used to desalt the digested spiked plasma samples before antibody capture of the signature peptide. Glycosylation of this peptide, which contains an N-linked glycosylation consensus site, could also result in lower recovery before antibody enrichment. However, we have not found any reference to glycosylation of this tissue-derived protein in the literature.
We performed 4 process replicates of the protein curve to determine the interassay reproducibility (Fig.  3) . One process replicate was performed using a single antibody bead type per sample. Three additional process replicates were performed using both bead types simultaneously as a multiplexed assay. Only minor differences between the plotted curves were observed ( Fig.  3A, cTnI ; B, IL-33), indicating minimal deterioration in assay performance when Ͼ1 antibody bead is added to 1 aliquot of plasma. As shown in Table 1 in the Protein column, CVs were conserved between each analysis, with a demonstrated overall interassay imprecision of 12.9% at 20 g/L and 20.5% at 2 g/L for cTnI and 9.4% at 65 g/L and 15.8% at 6.5 g/L for IL-33 Pep-1. As observed in the peptide curves, the interference of background signal produced a nonlinear trend in concentrations Ͻ1 g/L (for cTnI) and Ͻ10 g/L (for IL-33).
CORRELATION OF cTnI QUANTIFICATION BY SISCAPA WITH IMMUNOASSAY USING THE PROTEIN CURVE AND CLINICAL
SAMPLES
We next compared the results for PMI patient samples determined by SISCAPA with an established immunoassay (Fig. 4) . Using the data points (n ϭ 15) with a reported cTnI concentration Ͼ1 g/L, the working LOD for both the cTnI-ELISA and cTnI-SISCAPA, the Pearson correlation coefficient (R) was 0.89 over the concentration range of 1 to 24 g/L in 5 PMI patients. The Deming regression equation had a slope of 0.28 and an intercept of 2.02. We measured the plasma concentration of cTnI in patients undergoing therapeutic planned heart attack for the disease hypertrophic cardiomyopathy (20 ) . In this procedure, approximately 1 mL alcohol is injected into the septal branch of the left anterior descending artery. This causes endothelial denudation and thrombosis of the vessel and infarction of the heart muscle downstream of the occlusion. The standard biochemical metrics of myocardial infarction, creatine kinase and troponin, rise and fall as with spontaneous myocardial infarction. Because blood can be sampled before and after injury, the clinical scenario provides a unique opportunity to test the robustness of the analytical method. We measured cTnI by SISCAPA at baseline (preinjury) and 10 min, 1 h, 2 h, 4 h, and 24 h after onset of injury (Fig. 5 ). In 4 of 5 patients, the cTnI concentration was 0.6 (0.1) g/L 1 h after the treatment. Over the next 2-4 h, the plasma concentration of cTnI increased and ranged between 2 and 5 g/L. Three PMI patients monitored had slightly higher cTnI after 24 h (3-8 g/L), whereas the concentration of cTnI decreased slightly or leveled off in 2 patients after 4 h. Although all patients experienced large infarctions overall, the heterogeneous response is entirely consistent with clinical observations, since the amount of heart muscle subserved by the vessels being occluded varies from patient to patient. We also measured IL-33 concentrations in these patient samples using our SISCAPA assay. In all cases, the levels measured were below the LOD for this assay.
Discussion
Until recently, only ELISA analyses have been able to detect and quantify cardiac troponins in the low g/L range in plasma. Other approaches, such as immunoaffinity depletion/limited fractionation coupled to MRM, have been successful in quantifying lowabundance proteins in plasma with comparable precision, reproducibility, and multiplexing capability (4 ). However, this methodology involves multistep plasma processing, which limits overall sample throughput. Here we demonstrated that SISCAPA can be multiplexed to quantify low-abundance cTnI and IL-33 in plasma with CV Ͻ15% in a linear range of 1.2 g/L to 5 mg/L, a range where many protein biomarkers are expected (8 ) . This is also the first demonstration that SISCAPA MRM-based assays can quantify relative changes in concentration of cTnI pre-and postinjury in clinical samples. Similar trends in cTnI concentration The linear fit obtained using Deming regression of the correlation between commercially available immunoassay kit and SISCAPA of cTnI concentration on PMI patient time course samples measured Ͼ1 g/L by both assays. The equation of the robust linear regression line is displayed with the Pearson coefficient of correlation (R) calculated for the comparison of these 2 methods. At concentrations Ͻ1 g/L for cTnI, the interference of background signal produced a nonlinear trend; these data points were therefore excluded from the comparison. were observed using SISCAPA and a commercial immunoassay in PMI patients in the 1-10 g/L range, with an excellent correlation (R ϭ 0.89). Our results are consistent with the assay performance and LOQ recently described by Hoofnagle et al. for thyroglobulin (21 ) .
Our primary goal in these studies is not to replace existing immunoassays for proteins like cTnI that are already being measured in clinical practice (22, 23 ) , but rather to leverage the unique advantages of targeted MS-based assay methods (10, 11 ) to configure assays for target proteins where high-quality antibodies suitable for an immunoassay are not available. We developed and characterized a SISCAPA assay for IL-33, a novel candidate marker of cardiovascular disease (14 ) for which an immunoassay does not yet exist. Of note, IL-33 is the ligand for ST-2, a protein that is highly upregulated by myocardial cells subjected to mechanical stress (24 ) and an emerging biomarker of acute and chronic myocardial injury (25 ) . The present study therefore paves the way for future investigation testing the additional clinical utility of simultaneous measurements of this ligand-receptor pair.
Sandwich immunoassays suffer from a variety of nonspecific interference that can be difficult to recognize and correct (26 -28 ) . In SISCAPA, plasma proteins are denatured and enzymatically digested in the first processing step. These steps destroy specific and nonspecific protein-protein interactions that may produce false positives and interfere with the integrity of the measurements (21 ) . Because proteins are quantified by measuring peptides produced by the digestion of intact protein, MRM and SISCAPA-MRM assays can be used to measure truncated or degraded forms of the full-length protein, provided that the epitope recognized by the SISCAPA antipeptide antibody has not been compromised. Proteolytic degradation of cTnI in serum can cause measurement inaccuracies for ELISA assays that SISCAPA could, in principle, sidestep (29 ) . SISCAPA assays are also easier to multiplex than ELISA or sandwich immunoassays because off-target interactions are less likely to occur with peptides than proteins, and if they do occur the mass spectrometer can distinguish their presence and identity. In addition, MS-based SISCAPA assays are less expensive to develop than immunoassays, as only 1 antibody rather than a carefully matched pair is required because the mass spectrometer functions as the secondary antibody.
MS-based quantification is based on measuring the ion-counts for the fragment ions from the peptide analyte. Even slight differences in the composition of the matrix (digested plasma) at the time of elution and detection of the analyte can significantly alter the absolute signal of the analyte observed. This is why internal calibrants are routinely employed in LC-MS/MSbased assays (30 ) . In our assays, we employ the ideal internal standard, a 13 C and/or 15 N-labeled version of the same peptide that has identical physiochemical properties, including retention time, and differs from the analyte only in its parent and fragment masses. Any matrix constituent that causes suppression of the signal from the analyte also affects the internal standard equivalently, and therefore these effects are compensated for in the measurement. Whereas external calibration is typically used in immunoassay, internal calibration methods are beginning to be used, with clear benefits to assay precision being realized (31 ) .
Antiprotein antibody enrichment before SID-MRM-MS has also been used to establish high-quality assays (32) (33) (34) . These assays require the existence of affinity purification-grade antibodies that are not always available for the majority of proteins. Although antiprotein antibodies are widely used for rapid enrichment of proteins from complex mixtures for characterization by MS (35 ) , quantitative analyses require that the immunoprecipitation (IP) efficiency does not vary from sample to sample. Because the exogenous labeled peptide standard is added after protein IP, interassay reproducibility cannot be internally controlled. Addition of a suitably labeled protein standard (36 ) could be used to correct for this variability in a manner similar to the use of stable isotopically labeled peptides described here. This approach could also be used to normalize for incomplete protein digestion. However, this method would be practically applicable only to cases in which a very small number of high-quality targets are to be measured.
There are limitations of SISCAPA-MRM assays worth noting. First, as demonstrated here, peptides derived from the same protein can have different assay performance. This may be caused by differences in the antibody affinity, the MS response of the respective peptides, or the recovery of the peptides owing to differences in the efficiency of release by digestion or differential loss upon desalting of the digest. Adding the internal standard peptide earlier in the process would account for losses that occur during desalting before antibody enrichment. Second, the results may not correlate well with immunoassay. The proportional bias observed here (slope ϭ 0.28) may become the rule rather than the exception, since the immunoassay is measuring protein in its native state whereas SISCAPA is measuring a peptide recovered from that protein.
More importantly, each assay was developed with separately qualified standards and calibrants. The LOQ of SISCAPA assays, presently in the low g/L range for proteins in plasma, is limited by interferences from nonspecific binding of peptides to the antibody and resin, as well as traces of target peptide that remain bound to the antibody postpurification (21 ) . Investigations are underway using other types of magnetic cTnI and IL-33 in Plasma by Targeted MS beads and elution conditions to reduce nonspecific binding.
The LOD for our MS-based cTnI assay is well above the LOD of current commercial immunoassays (37 ) . Consistent with the expected literature levels of IL-33 in the blood (38 ) , IL-33 was not detected by this assay in patient samples. However, we expect that, as was the case for immunoassays, the sensitivity of the SISCAPA assays will improve over time. Provided that sample is not limiting, increasing the volume of plasma processed from 50 L used here to 500 L should provide a 10-fold increase in sensitivity without altering the assay format. Coupling immunoaffinity depletion to SISCAPA could also potentially improve the overall LOD (39, 40 ) . Specific or nonspecific loss of target proteins can occur on depletion columns, however, and should be defined as part of assay configuration. For example, we have evaluated the recovery of cTnI following depletion of abundant proteins with both the MARS-7 and Genway-12 immunodepletion columns and found that about 90% of this protein was lost to the depletion columns (data not shown). Use of monoclonal antibodies in place of polyclonal antibodies could also increase capture efficiency and translate into an increase in sensitivity. It would also provide a continually renewable source of identical antibody. With higher affinities, less antibody and fewer magnetic beads would be required for the assay. As a result, nonspecific binding would be reduced and more target peptide could be loaded per analysis, ultimately increasing the signal and sensitivity of the SISCAPA assay. Regardless of the current sensitivity limitations, we have achieved the primary goal of clearly establishing that SISCAPA assays can multiplexed and used to measure proteins of clinical interest in the absence of commercial antibodies suitable for immunoaffinity/ELISA assays.
In conclusion, SISCAPA-MRM assays have the potential for high sensitivity, ease of automation, ability to be highly multiplexed, and high sample analysis throughput (10, 11, 21 ) . The present work further establishes that SISCAPA is a flexible alternative to sandwich and ELISA immunoassays, with the potential to triage large lists of candidate proteins and thereby help to alleviate the significant bottleneck that exists between unbiased discovery and clinical validation (2, 7 ) .
